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ABSTRACT 


Submitted to the Department of Naval Architecture and 
Marine Engineering on May 19, 1967 in partial fulfillment 
of the requirements for the Master of Science Degree in 
Electrical Engineering and the Professional Degree, Naval 
Engineer. 


A sinusoidally charged aerosol is injected into a fluid 
flow and interacts synchronously with a traveling wave of 
voltage. The voltage traveling wave can either be that 
induced on. passively loaded channel electrodes, or externally 
supplied and adjusted to either lead’or lag the charge wave. 
in both the passive loading and lagging impvressed-~voltage 
meee tlyuid dynamic to electrical energy conversion is 
achieved, while in the case of voltage wave leading the 

charge wave , electrical pumping of the fluid flow occurs. 
This study concentrates on an induction method of charging 
a distilled water aerosol formed in a set of spray atomization 
nozzles using compressed air. 


mrstorical background of direct-current electro-fluid 
dynamic energy conversion is outlined, along with a 
theoretical comparison with what is considered a hitherto 
untried synchronous approach to the problen. 
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Experiments weré conducted to det@rmine a feasible 
method of inducing alternating charge on aerosol droplets; 
Sieall nough to produce useful concentrations, and large 
enough for substantial viscous coupling with the transport 


médium. The resulting charged aerosol generator is described 
and analyzed. | 
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I. INTRODUCTION 


A, Background 

Mechanical to electrical energy conversion systems have 
traditionally employed the interaction of charge in motion 
and magnetic fields. Since magnetic field energy densities 
are characteristically orders of magnitude greater than those 
of electric fields, relatively little attention has been 
directed toward electric field energy conversion machines. 

A characteristic of Electro-Fluid Dynamic systems in 
general, has been their high voltages (tens of kilovolts) and 
small currents (microamp to milliamp regsine). Flectrostatic 
effects are often observed in corona discharge from long wires 
during snow storms, lightning, and other natural phenomena which 
seem to have inspired some of the early work in electric field 
energy conversion.: The earliest converters were Van de Graaff - 
type systems, in that they employed frictional or corona 
electrification and mechanical transport of the charged particles 
wO a region of high potential. One of the first EFD generators 
was proposed by R.E. Vollrath‘1? in 1932. His was a high 
voltage generator using blown powder, contact electrified, and 
carried to a metal sphere at high electric potential. This 
model was more in line with present work, since it involved 
gas dynamic propulsion of the charges. 

The literature contains few, if any, significant develop- 


ments in the field from 1932 until the early 1950 s. In 1953, 





A.M. was”? obtained a patent for a thermo-electric power 
converter using a charged aerosol. Others had begun taking 
at least a limited second iter at EFD machines as a possible 
method of producing electrical power without mechanical 
complexity, and hoéfully, at higher power to weight ratios 
than are obtainable with magnetohydrodynamic systems, 

Within the last decade there has been a burst of activity 
in the study of electro-fluid dynamic energy conversion processes. 
The impetus for such research has come largely from the need 
for simple, light weight and reliable generators to be carried 
in space vehicles. An EPD-typ2 system would uniquely meet 
Gaese particular requirements if sufficient power levels and 
Speetrical efficiencies could be achieved. ‘To this end, a 
number of feasibility studies have been conducted and various 
types of experimental systems have been constructed. It 
should be noted that all published work, to date, seems to 


have been limited to uni-polar (d-c) EFD systems. 


B. Feasibility Considerations 


1. Mobility 
The most basic limitation on EFD energy converters 
is their extremely low efficiency in terms of electrical energy 
output for fluid dynamic energy input. A major reason for this 
is the limited nature of the interaction mechenisa between 
charge carriers and the transporting medium. This has 


historically been expressed as mobility (K), defined as the 





meee 
ratio of drift velocity to the electric field. 
u 


K = CEs 


E 
mance the electric force on a charge carrying parGucwomis 
the charge multiplied by the electric field, 
F = gE | (me 


the mobility can be expressed as: 


uq 
F 





(122) 


The nature of mobility for various fluid working media and 
particle sizes is described in several of the references and 
Summarized in Appendix A. The facts which emerge from mobility 
consideration are that energy conversion efficiency increases 
as mobility decreases. and that the best coupling forces are 
achieved when the particles are large enough to obtain viscous 
interaction. The latter has been found to require particle 
sizes greater than about 1 micron diameter?» 15), 


Using Stokes’! law, the force balance equation for a 


particle becomes: 


F = qE = 67uap “Glee 





Sombining equations (1.4) and (1,4): 


q 
K=- (1.5) 


677pA 





The fact that mobility varies inversely with viscosity 
led to some experimentation with non-conducting liquids. In 
1961, Sone. presented the results of theoretical and 
experimental work with a small high voltage generator using 
transformer oil, kerosene, and air as the working media, and 
ions as charge carriers. 

The use of liauid transport media has two disadvantages 
which seem to have limited its consideration, especially for 
Space vehicle EORQREOHS Oe propulsion systems. These are the 
extra added weight and the increased wall friction losses. 

There are, in general, two ways of minimizing the effects 


of mobility in a gaseous mediun,. 


(1) Increasing operating pressure and flow velocity 
to decrease mobility (see Appendix A), and make 
Grift velocities negligible with respect to the 


‘flow velocity. 


(2) Increase droplet size (at constant charge per 
droplet) to reduce mobility in accordance with 


Stokes’ law. 


In the case where ions are the charge carriers, method (1) 
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is usually applied (8, 11, 15), A combination of the two 
methods is contained in the device described by Marks, Barreto, 
and Chu in Reference 7. As might be expected, however, 

factors which decrease mobility often have an adverse effect 


on other parameters of the systen. 


eee ine Ballistic Avproach 
Mobility can be reduced or noromed entirely as a 
factor in system performance by converting only the kinetic 
energy of the charge carriers into electrical energy. This 
is accomplished by injecting colloidal or ionic charged particles, 
at high velocity, into a very low pressure converter where 
viscous effects would be minimized. 


Peeineer 1°) 


gives a detailed theoretical analysis of 
this “Ballistic” type system, where he represents the energy 
conversion by equating the electrical power output to the 


change in kinetic energy between inlet and exit electrodes. 


2 


e 
GV = m (vy — Neds (i..6) 


NO {eH 


where: V = electrical potential between inlet and 


outlet 


He also points out that an inherent loss comes from the 
necessity of allowing sufficient exit velocity to overcome 
space charge effects at the electrode, and variations in 
particle sizes. Hasinger concluded that 25 per cent of the 


kinetic energy should remain at the collector to meet these 
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considerations, Accordingly, Vo Will be hala von Vac 
By considering space charge density in the conversion 

section to produce an electric field exactly offsetting that 

of the collector, Hasinger arrives at a simple expression for 


the upper limit on the electric force concentration in the 


ballistic generator. 


E Ee 
Force/unit area = — “1 ee) 
(a 
where: E, is the field at the entrance electrode, 
acting to decelerate the charged particles 
With the 25 percent loss, this leads to an expression for 
power concentration 
Power/unit area = 2 EC U 
Ses g il 0 Clie 


for which Hasinger concludes that concentration of 300 
watts/em@ should be feasible. 

A type of ballistic EFD generator is described in 
Reference 6 and further discussed in Reference 8&8. Disadvantages 
characteristic of ballistic systems are the requirement for 
mecusinge the particle beam, and difficulties wginecens in the 
Dasic concept for recirculation or successive staging in a 


Closed, low pressure systen. 


3. Viscous-Couvied System Performance 
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The basic theoretical performance capability of an 
EFD system is derived in Appendix A.% following the simplified 
model used by Lawson (13), The resulting expression for the 
maximum power per unit area which can ideally be extracted 
from the flow, in the form of pressure drop times velocity, 


is 





Sp-U, = ‘ EU, (1.9) 


fies result is not surprising, but indicates the nature of the 
problem which presents itself when one contemplates the 

extraction of significant electrical energy from fluid dynamic 
head. As Lawson observes, when the parameter values corresponding 
to atmospheric pressure are inserted into equation (1.9), 


the maximum pressure drop is about 4 x 107+ 


atmospheres. 

By increasing the pressure to 240 atmospheres the maximum 4p 
increases to about one third of the standard atmosphere. 

This type of analysis seems to indicate, therefore, that in 
order for such a system to attain practicability, some kind 

of multi-staging in a closed system would be required. 

| The concept of multi-~staging imposes additional limitations 
on system performance. Since frictional power losses are 
proportional to Cie each collector grid and attractor 


electrode added to the channel further restricts the allowable 


mow Velocity. 
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Recognizing this, Lawson defines stage efficiency as 


(I.10) 


where: L, is electrical power density (see equation 
(A.28)) 
L, is fluid power input (1.9) 
La is fluid dynamic power loss 
y 
oe 


Z 





L, = & Pn Cio) 


where: a is a constant coefficient appropriate for 
the particular electrode and channel wall 


configuration. 


The expression for the maximum attainable stage efficiency 
is then, 


2 x CU, ~ KE) 


2 
st y? 


& 
~ O O 
5° Uy + & Pn 


or K E, 


—2_____.- Ci2) 
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Using air at 30 atmospheres pr 


D 


ssure as the working mediun, 
with flow speed of 50 m./sec., and colloids as charge carriers 
for negligible mobility, Lawson arrives at a representative 
stage efficiency of 80 percent with a power concentration 
of 200 watts/em*. 

It must be emphasized that this is a theoretical limit, 
does not consider exit velocity as a loss, and that present 
state of the art is a long way from physical realization of 


this performance. 


C. PROPOSED SYSTEM 


Operation of an EFD energy conversion system for “alternatiag 
current’ charged particles has been virtually ignored. Von 
Ohain and Wattendorf recommend such research\?®) | but 
apparently only within the context of the system described in 
the previous section. That is, the same transport and 
collection mechanisms would be employed. 
The synchronous EFD system investigated and described 
in this report, and in Reference 19, is based on an induction 
concept which is believed to be unique in this application, 


and possessed of distinct advantages over existing systems. 


im Descrivtion 
Sinusoidally charged droplets are injected into a 
fluid dynamic flow to create a traveling wave of charge confined 


in a channel. Electrodes are suitably placed along the 
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channel walls to interact synchronously with the charge 
wave; either to convert fluid dynamic to electrical energy, 
or vice~versa, in which case the system acts as a pump. 


There are basically three “ modes” of operation for such 


a system. 


1. Channel electrodes are passively loaded (R,L,C) 
2.. A traveling wave of voltage is impressed on the 
electrodes which “leads” the wave of charge 
3. The impressed voltage wave lags” the wave ae 


h na 
on aT C se 


The basic tneory of the energy conversion mechanism is 
derived in Appendix A and discussed in greater detail in 
Reference 19. The form of the solution (equation A.19, page 48) 
suggests the analogy between this synchronous EFD system and 
the magnetic field/torque angle relationships which obtain 
in conventional rotating machinery systems. 

In this regard, modes (1) and (2) correspond to a 
synchronous motor, while mode (3) corresponds to a synchronous 
generator. The channel electrodes are analogous to the stator 


and the fluid flow corresponds to the rotor. 


2. Advantages of Synchronous System 
The fundamental reason for interest in alternating 
current EFD power generation is the possibility it coffees ioe 
obtaining a-c power in a system requiring neither moving 


parts nor electronic conversion of d-c. In addition to the 
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previously mentioned advantages of the direct EFD systems, 
the synchronous generator concept inherently resolves several 
membne major difficulties. 

Because the charges need not be collected in order to 
produce electrical power, the channel can be kept free of 
obstructions downstream from the charge wave source, and the 
system frictional losses are produced by wall friction alone. 
Multi~staging is a built-in feature of the concept, since 
each wave length of electrodes is equivalent to a stage. 

jie principal restriction on flow velocity comes from the 
relationship tcuween velocity, frequency, and wave length in 
a traveling wave. Thus, at a given frequency, tne length of 
channel per stage is proportional to Us: 

mae flexibility of this system, in its capability for 
pumping non-conducting fluids as well as for electrical power 
generation, may eventually prove to be a significant advantage. 

Another restriction on synchronous system performance 
comes from lateral stress on the charge flow due to the 
wall electrodes, This is in addition to the space charge 
forces existent in the d-c converter, and may prove to be a 
restriction on the number of wave lengths which can be accommo- 
dated between Here Shor the charge wave. 

The intention of this thesis research was to experi-. -: 
mentally test the conversion mechanism theoretically predicted, 
and to investigate an induction method of gencrating the 


charged droplet wave. 





ii, EXPEREMEN DAL: ROC 2 Dues 


Pee lescription of Initial Experiments 


Initial experimentation was conducted using droplets 
issuing from capillary tubes placed directly in the air stream 
from the axial fan. At this stage the suieeeme was to use 
the maximum droplet size which did not result in wetting of 
the channel walls and consequent shorting of the output | 
electrodes. 

Various means of introducing the water droplets and 
various inducer electrode configurations were investigated. 
These included from one to five - 10 mil inside diameter 
capillary tubes mounted in a 1/8 inch 0.D. tube which was 
gnserted either from the side of the channel or from the narrow 
ends. Because of turbulence created in the channel, the latter 
method proved more satisfactory from the standpoint of channel 
wetting. For these experiments the excitation was provided 
by 2 2 to 5 kilovolt, 60-cycle signal applied to a pair of 
wires in mid-channel, running vertically one centimeter apart, 
and about .6 cm. from the ends of the tubes. The experimental 
apparatus is shown in Figure l. 

Hie droplets were dravm out of the capillary tubes by 
a combination of hydrostatic head, eductor action of the 


air strean, and electrostatic stress as described in Appendix 





ize 


B. Of these, the hydrostatic head was by far the major 
factor, and variations in output current were observed to 
conform to the rate of droplet formation due to variations 

in water pressure. It was also agate apparent that the 
maximum charge per droplet was at least an order of magnitude 
less than Rayleigh's limit and imposed no restriction on 


the results. 


arn 
eh A. 
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Figure 1, CAPILLARY TUBE AND INDUCER APPARATUS 
For LARGE dropvléts 





rs phere 


The droplets were collected at the end of the channel 
by a wire mesh suspended from insulators within a shielded 
box and discharging through an impedance of .65 megohms, 

Crude as the instrumentation proved to be, the quality of the 
measured signal could be observedly improved by increasing 

the number of droplets, since the rate of emission of droplets 
must clearly be greater than 60 per second if a relatively 
emooth 60 cycle current is to be produced. 

With droplets as large as those emerging from the smallest 
capillary tubes, any contact with the channel walls is 
unacceptable. This aspect of the problem proved to be such 
a dominant constraint that it dictated all subsequent designs. 

As an illustration of the effect of turbulence, a 28 nil 
O.D. capillary tube was mounted in the end of a one eighth inch 
feec tude which was then inserted into the 60 feet per second 
air fiow, just downstream of the flow straightener section 
in the 2 1/4 inch by 6 inch channel. The teed yee menuered 
from the middle of the 6 inch, “near” side of the channel. 
With the mouth of the capillary tube positioned at mid- 
channel there was no wetting of either side in the 36 inch 
downstream electrode section. The turbulence at the near wall 
prevented the droplets from being positioned more than about 
178 inch off-center in that direction without wetting in the 
channel. The absence of additional turbulence at the far 
wall permitted movement of the droplet emitter to within 


about 3/8 inch of that side before the onset of wetting 
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down channel. 

Because of this limitation on the distribution of large 
droplets no further work with them was attempted in the course 
| Seechis particular project. This is not to say that such 
a study would necessarily be impractical, however, and 
further commentary on this subject is made in the recommenda- 


tions of Chapter VI. 


B. Small Droplet_Experiments 





Considerations 


As described in section C of Chapter I, mobilities 
deriving from the application of Stokes' law are achieved 
as long as droplet diameters are on the order of one micron 
or greater. Since a complete investigation of system per- 
formance using the entire range of droplet sizes was not 
measible for this study, it was decided to concentrate on 
the production of charged "fog" droplets; approximately 1 to 
20 microns in diameter. The objective was to fill the channel 
with droplets large enough to obtain satisfactory viscous 
coupling with the air stream, but small enough to permit 
evaporation to offset the deposition of droplets on the 
plexiglass wall surfaces. 

Another advantage of using fog droplets comes from the 


Signal smoothing effect of a high rate of charge carrier 
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formation, An obvious disadvantage is the greater difficulty 
of inducing alternating charge on aerosol sprayed droplets. 
Learning the extent of this problem and the possibilities of 


solving it became the next experimental objective. 


spray Nozzle Experiments 

A commercial type spray nozzle was used for feasibility 
investigation. The particular configuration for air and water 
mixing is shown in Figure 2. It was assumed that this method 
of fog generation would provide the best type of water jet 
break up from the standpoint of accessibility to the inducing 
meld: 

Nozzles which mix air and water before emission could be 
expected to be less desirable because of the poor conductivity 
of the fog, even at the initial concentration. Another method 
of aerosol generation consists of intersecting air and water 
mevs, but it was not tried for this narrow channel because of 
the better directional control afforded by a nozzle. 

The other advantageous feature of the concentric air jet 
is the shield it provides around the water stream. This 
enables the inducer electrode to be positioned close to the 
region of the fog formation with minimum possibility of an 
Bectrical short circuit between electrode and water. fThis 
Was tésted. by mounting the commercial nozzle in a piece of 
plexiglass with a circular inducing electrode of 3/16 inch 


diameter centered on the nozzle outside of a 1/16 inch 





plexiglass separation. 






electrode 


WATER 


Figure 2. COMMERCIAL NOZZLE SCHEMATIC 


Experiments did show, that significant charge can be induced 
on the fog droplets in this way. 

The results of the experiments with the commercial nozzle 
ere plotted in the next chapter in Figure 3. The current 
produced by this configuration was about 2 orders of magnitude 
greater than that produced by the capillary tube experiments. 
it should be noted that the measurements of Figure 4 were 


made with the nozzle outside of the channel and are the total 
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current produced by one nozzle. <A rough drawing of this 


nozzle and electrode is presented in Figure 10. 


Nozzle Design for the Charge Vave Generator 





Having established the feasibility of using aerosol 
spray technique, the next step was to achieve a design which 
could fill the channel with droplets with minimum interference 
with the air stream and wetting of the channel walls. Catalog 
information for the commercial nozzle describes the qualitative 
effect of variations in the air pressure with respect to 
flow rate and average droplet size. The effect of see aenee 
air flow, at constant water siphon height, is to retain 
or slightly decrease the droplet diameter while increasing 
the water flow rate. 

Several different nozzle designs were constructed using 
capillary tubes of varying diameter together with Santee 
sized air annuli. ‘The process leading to the result shown 
in Figure 10 was largely trial and error, first using steel 
and plastic tubing, and finally plexiglass and stainless steel 
capillary tubes. | 

Two different sets of plexiglass and capillary tube 
nozzles finally resulted. The first consisted of five 
vertically aligned nozzles in each of EG 3/16 inch thickness 
plexiglass sections. These used 10 mil inside diameter 


capillary tubes and were designed to produce a fine spray 
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ooeche order of a few micronsediameter. The second was simi 
but contained 10 nozzles in each bank and used 15 mil inside 
diameter tubes to produce a great quantity of larger droplets, 
on the order of 20 microns diameter. 

Another feature which distinguished the two designs was 
the inducing electrode configuration. The fine droplet design 
used a flush, painted electrode surrounding the air ring , 
meee the other consisted of 72 mil O.D. tubing sections, 

Of aseout 2 mm length, concentric to the nozzle aperture, 

A&A +» ‘tailed description of the nozzle and electrode designs, 
with diazrams of the apparatus, is convasined in Appendix B.2d. 
rnotozraphs of the generator apparatus, 20-nozzle unit, and 


Béenerated aerosol, are included in the next chapter. 





A. General Description 


The charged aerosol generator units which finally evolved 
in the course of experimentation were successful in producing 
@ significant charge wave of droplets of the desired size. 

In addition, the input impedance is infinite as frequency 
goes to zero, consisting of " pure“ capacitance, as was desired. 

In order to evaluate the generator design it was necessary 
to make a number of measurements of the system parameters. 
Because the nozzles and electrodes wers Kandmade it was 
difficult to get completely consistent measurements from day 
moeday. Non=uniformities such as capillary tubes being 
pieentiy off-center in the air jets and electrodes, variations 
in the pressure from the air supply, and inherent difficulties 
in measuring small currents in an aerosol spray over a range 
of flow conditions, were some of the contributing factors. 

The data summarized in Appendix D is, for the most part, 

the result of 4 or 5 reasonably consistent test series. Since 

the objective of the project was primarily exploratory ania 

nature; to investigate feasibility of the general concept, 

sophisticated instrumentation was not employed, or considered 

&@ productive goal at this stage of system development, 
Photogravhs of the apparatus and generated aerosol are 


displayed in Figure 5. 
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B. Graphical Summary of Results 
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Ideally, the input terminal characteristic of thevcne-- 


wave generator should be a' 


‘pure capacitance, all of which 
is attributable to the fluid between inducer electrodes 

and aerosol droplets in the process of formation. In this 
ideal case, input current from the voltage source would equal 
mae Output current from the generator. 

Infact, there is also capacitance between electrodes and 
capillary tubes, and between leads. That fraction of input 
eurrent attributable to this portion of the total admittance, 
end therefore unproductive of output orrent. must be considered 
a system loss. | 

Minization of the undesirable capacitance will be an 
important consideration in realization of an over-all system 
G@apable of self excitation. There are, therefore, essentially 
two electrical characteristics of the generator indicative of 
its performance. These are: 

(1) The ratio of current output to total input 
current = n; 
(2) The ratio of current output to voltage input 


= 6 


In the case of the 10nozzle aerosol unit, at a frequency 
of 100 cps, 40 psi air, and input voltage of 65 v. r. m. Se, 
input current was 1.16 pamps with output current of .75> wamp. 


This results in a value of Ns = 64.5 pereént. = for toise uae 
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is equal to the slope of the I vs VG curve In Higuress, 
The result is B = .ol2 pamp/volt, where current is measured 
peak-to-peak and voltage is root--mcan square. 

Corresponding values for the 20 nozzle unit, using input 
voltage of 120 v~rms and 20 psi air, were: ik = 1«65/2.5) = iG¢e 
percent, and £8 = .014 pamp/volt. 


Equivalent Cavacitance 


Details of the measurements and calculations leading to 
an estimate of the input capacitance are contained in Appendix 
C. 

Figure 6 shows a "Bode plot- of the frequency response 
data, summarized in Appendix D. Using the order of magnitude 
capacitance predicted by the theoretical model of Appendix C, 
a value of series resistance was selected to place the break- 
point within the range of Bee aba frequencies. For an 
equivalent een of about 1/2 cm, equation (CC. >) peedicus 


12 


a capacitance of about 4 x 10° ~ farad. Accordingly, a series 


resistance of 48.5 meg-ohms was used in the measurement 


apparatus of Figure 18. The equivalent capacitance indicated 


2 


by Figure 6 is C = 7.5 x 10° farad. 


Direct calculation of capacitance using equation (C.5) 


for a frequency of 125 cps and series resistance of 10.2 
LoVe 

meg-ohms, yielded a value, © = 6.65 x 10 oa 

The value which will be taken as the average of these 


A 


results, for the 10 nozzle unit, is € = 7 x 10" farad. 


\ 
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The equivalent model for the complete charged droplet 
generator will be the simple voltage-controlled current 


source shown in Figure 7. 





Figure 7+ CIRCUIT MODEL FOR CHARGED DROPLET GENERATOR 
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where C0 farad 
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Gi MG, 
O12 wa (P-P)/volt (rms) 


D. Charge perm Vroolet (and Sobi lity 


From a total of 14 microscope photogranvhs of droplets 
collected on a castor-oil-coated, 1/16 inch square, length 
of plexiglass, the most representative was selected for 
analysis and is shown in Figure 17 in Appendix C. About 6 
seconds were required to photograph the droplets after they 
mere collected by being held for about one second, 10 inches 
from the 10-nozzle aerosol unit, at 40 psi air pressure. 

‘Due to the random nature of the droplet sizes, calculation 


Bre the chargé. distribution must involve rather sPo0ss assumptions 
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as to the most likely mechanism for actual droplet formation 
and charging. 

Droplets were counted and measured over a representative 
section of Figure 17 comprising 1/8 of the photographed area. 
ge results of the count are contained in table 5., Appendix D. 

The calculations outlined in Appendix C were made for each 
of two different methods of distributing the measured output 
current with 300 volt (rms) input. From Figure 3, the peak 
current is about 1.85 pamps, with a flow rate of 1/3 em’/sec 


corresponding to 40 psi air pressure from Figure 4b. 
size-devendent Charge Distribution 


In order to make allowance for the likelihood of finding 
more charge on a large droplet than on a small one, average 
droplet diameter was calculated for three ranges of droplet 
pees 1ound in Figure 17. Out of 60 “typical” droplets, 
the average diameter of the 6 largest was 22.5 um. the next 
15 medium droplets 11.4 pm, and the average diameter of the 
39 droplets with diameters less than 10 um was 5 yn. 

On the assumption that charge per drop is distributed in 
proportion to surface area the following charge per droplet 


and modified Rayleigh limit comparison results. 


(1) Large droplets (d, = 22.5 ym) 


ee ee ee ES 
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q, = 8.8 x 10 electrons/droplet 


Cee, x 10° electrons/droplet 
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(2) Medium droplets (d= 11.4 ym) 


6 


q, 2 2. Come O electrons/droplet 


Gnax ~ leel x 1S electrons/droplet 


(3) Small droplets Cr 5S pm) 


oe es aa 10? electrons/droplet 
oe Oe Dk 10? electrons/ droplet 


Numerical Average Droplet Diameter 
The usual convention for obtaining average droplet size 


in an aerosol is 


M 


i) 
B 


ave eer (Tira 


5 


where N = Total number of droplets in the sample 


Applying this definition to the data of Table 5 yields an 


average diameter 


dave ~ 8.25 yn. 


the charge per droplet becomes 


Te 1a electrons/droplet 


and 
=e. 10? electrons/droplet 


max 


Mobility 





Applying the foregoing results to equation (C.18) yields 





z= 


an approximate average mobility, K (in units of coul-sec/kg 
m/sec 


of volt/m ). 


(1) Large droplets (d, S225 (hin) 


oe ence tome 


(2) Medium_droplets (d_ = 11.4 pm) 


mo 1,85 Vo" 


(3) Small droplets (ad. =e) 13m) 
K = Sa x 107? 





(4) Numerical averase droplets Wires = 8.2 ey) 
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E. Effect of Increasing Conductivity of the Water 





* 


In view of the high rate of formation of the water droplets 
and a qualitatively observed fall-off of output current 
magnitude with inowensing frequency, an observation of output 
current was made before and after a sudden increase in 
salinity of the water fed to the 10-nozzle aerosol unit. 

The apparatus was adjusted for an output current of 1.4 
pamp (P-P) with 40 psi air pressure and siphon Helen of 
about 20 inches. 

A “normal” saline solution (.9 gm. NaCl per 100 ce, 

H.0) was substituted for the triple-distilled water (used 


in all other experiments of this report) and the output 








current 
current 
flushed 


several 


Cosine 


was observed to increase to 2.0 pamp (P-P). The 
remained at tnis level as the system was being 
with tap water. This experiment was repeated 


times with consistent results. 





IV. DISCUSSION OF RESULTS 

Due to the extremely complicated nature of the actual 
interplay between system parameters, as previously discussed, 
the results must be viewed as more qualitative than quantitative. 
The original objective was to investigate the synchronous ’ 
EFD generator and, hopefully, to establish its feasibility as 
a practical energy conversion system. The results are 
encouraging in this regard, and are considered aenoast ates 
Or the fact ft»-*+ such a system has sufficient potential to 
more than justify further development. 

The fact that the aerosol droplets are formed at a high 
rate from distilled water did not seriously limit the induced 
Charge per droplet at the relatively low frequencies investi- 
peed: The simple instrumentation employed in measuring 
output current was not adequate for satisfactory determination 
of the response of the output current to increasing excitation 
frequency. This was due to the increasing capacitive > 
admittance between the inducer electrodes and collector 
screen, and decreasing wave length of the charge stream as 
frequency increased. The former resulted in “noise” pick-up 
swamping the charged aerosol signal, which was at the same 
time being reduced by the increasing width of the collector 
screen relative to the charge wave length. 


The 64 = 66 percent output/input current efficiency 





achieved by this relatively simple generator design seems 
highly promising for eventual self-excited operation. It 
is quite likely that more precise construction and improved 
electrode design might increase this efficiency to 80 
percent or better. 

The efficacy of the induction method for charging the , 
aerosol droplets is considered to have been established 
femeenese results, at least up to frequencies of a few hundred 
cps. The field in the inducer section was not carried up to 
breakdown strength in order to avoid burning that capillary 
tube furthest off-center in its inducer. A machine-made 
nozzle array would possess a more uniform gap width and allow 
larger current output per nozzle. In addvtrongy tiesto 
current can be increased by increasing the density of nozzle 
mountings, so that no further attempt was made to increase 
aerosol currents beyond those of Figure 4 for the purposes 
See unas report. | 

maolber factor, equally as important ag obtaining an 
increase in aerosol current, is the concurrent increase in 
meopléet density within the channel. Since a practical energy 
converter will have to retrieve energy from the gas-dynamic 
mrog, 2 high droplet density is required for ‘effective 
electrical/mechanical coupling. The very low mobilities 
Setained by these droplets, as described in the’ previous 
Sheapter, will only by useful if such is th® case, 


In this study thé aerosol was injected into a séparateé 
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air flow, but one obvious way to increase droplet density 
in the channel is to use only the air which comes from the 
charged spray apparatus. This might require changes in 
channel configuration for multistaging, but such modifications 
should be minor compared to the increased efficiency that 
would be realized. 

Another advantage of the sprayed aerosol method is the 
fact that recirculation in a closed system would require 
no additional energy input. Since aerosol liquid is siphoned 
to the mixing nozzles, it need only be collected at the 
downstream end of the system and provided with a return path. 

In the previous chapter, two different methods were used 
in attempting to calculate the charge per aerosol droplet. 
While the size-dependent breakdown seemed intuitively to be 
a more accurate representation of the actual situation 
at the point of droplet Roagueee Orn the resulting chargé per 
@roplet exceeded the modified Rayleigh limit used as an 
upper extrenun. 

There are several possible explanations for this, in 
addition to the obvious conclusion that the assumption 


itself may be invalid. 


(1) The method used to collect and observe 
the droplets introduced a six second delay between the time 
Meecoliection and that of photographing the results. For 


the larger droplets it seems reasonable to assume that 
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evaporation will just about off-set the flattening out of the 
droplets in the surface of the castor-oil-coating, and the 
Observed diameter will be a fairly accurate measure of the 
Sraeinal spherical diameter. For droplets on the order of 

5 microns and smaller, this will undoubtedly not be the case. 
foeract, it was observed that the lifetime of droplets 

Saeone order of one or two microns diameter, even on the 
castor-oil, was one or two seconds, at most. If : Significant 
number of one to 4 or 4 - micron diameter droplets were lost 
in this way, it would explain the high calculated droplet 
GOmerseés, since the ratio of surface area to volume is inversely 


proportional to diameter. 


(2) Since the output current was observed to be 
Bemeynat conductivity limited, the actual circumstances may 
be controlled in part by the time it takes for a droplet 
to be formed. If all droplets are initially formed at the 
same rate, the result may be a tendency toward a more uniform 


maluesof charge per droplet, irrespective of size. 


(3) The fact that the charge per droplet 
calculated on the basis of an average size of 8.25 um was 
an order of magnitude below Rayleigh's limit, may indicate that 


a truer mean value lies somewhere between the two assumptions. 


(4) From observation of the spray formation 
point it is apparént that the liquid emerging from a capillary 


~ 
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tube is immediately draym radially outward to meét the air 
jet. It may be that large droplets are formed before contact 
with the air jet, whereupon they are further atomized. In 
this event it would not be possible to achieve charge 
concentrations approaching Rayleigh’s limit because of the 
increase in area to volume ratio through atomization. Here 
again, the actual mechanism may well be a random intermediate 
process where portions of the liquid “sheet” are still 

intact upon reaching the air jet, and therefore some charge 
induction may take place within the actual atomization 


process. 


The interactions which take place in creating the aerosol 
Spray are too complex to permit resolution of these questions 
mens, but a more detailed investigation of the problem would 
be worthwhile if eventual optimization is carried out ior 
this type oc system. 

if there are a large number of very small droplets, 
as suggested in the foregoing, it would explain a good portion 
of the signal deterioration with distance down the conversion 
channel, described in Reference 19. As the droplets evaporate, 
Smeswcharcés théy carried become highly mobile, and very 
little loading’ would be required to pull them out to the 
channel walls. Since significant loading has not yet been 
investigated in the conversion channel, the experimental 


determination of mobility effects in the synchronous system 
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mo recommended as an objective for further stud,. 

By increasing the operating frequency the efficiency 
of the system should be improved, since either the size 
of the generator can be decreased while retaining the same 
number of wave lengths, or more wave lengths can be accommo- 
dated and/or flow velocity increased. This would probably 
introduce no further constraints on the system other than 
memedigrenént for increasing the conductivity of the aerosol 
liquid. 

Fath size dependence a factor in the amount of charge 
Carried per droplet, it can be seen, from the results in 
metocer IIT, that for taree Gtrosol dropleus mobility becomes 
directly proportional to -droplet radius. Optimization of 
the over-all system may involve compromise between increased 
current flow and maximum coupling with the transport mediun. 
fi both cases, an increase in aerosol density dsecaltea) fom. 
and the optimum drop Lete size will prebably require a savurauc. 
transport medium to avoid evaporation in the conversion 


channel, 








Ve. CONCLUSIONS AND RECOMMENDATIONS 


Pee CONCLUSIONS 


(1) The synchronous EFD energy conversion process is a 
feasible method of producing a-c electrical energy from 


miuaa mechanical energy. 


(2) It may be more advisable to view the system as 
advantageous from the standpoints of reliability, light weight, 
and simplicity, rather than for expectation of high over-all 


eeeley Conversion efficiency. 


(3) Achievement of electrical self-excitation should be 
feasible with relatively minor improvement in efficiency 


of the experimental system. 


(4) The charge induction method used in this investiga- 
tion is capable of producing a distortionless sine wave 
Seecearzed droplets without mechanical or electrical complexity 


mempronrbitive input losses. 


(5) The use of distilled water did not impose a serious 
limitation on the magnitude of induced chargé d&spite the 


high rate of formation of the aerosol droplets. 


(6) The charged droplet generator, as described, does 


seem to possess adequate potential for the further development 








= GO 
ef a practical synchronous ZFfD system. 


(7) The use of charged droplets larger than 50 to 100 


microns should probably be confined to ballistic systems. 


B. Recommendations 


(1) Significant loading of the charged coplet flow in 
the conversion channel should be investigated in order to 
better ascertain the nature of mobility effects and system 


performance capability for asynchronous EFD systen. 


(2) System development seems to have reached the point 
where attainment of self-excitation is 2 feasible next step. 
This should most likely be attempted with increased nozzle 
density and elimination of the additional transport medium 
(flow fan) or the confining of its use to electrode boundary 


layer control. 


(4) Valuable information would eet ails from detailed 
investigation of the electrical and atomization interactions 
at the nozzles... The objective would be to determine the actual 
eiemee distribution over the range of droplet sizes found in 
the aerosol, to the eventual end of optimizing the design 


with respect to mobility and current output. 


(4) Experiments.should be conducted with synchronous 
systems operating at higher frequencies and higher conductivity 


liquids. 
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(5) More sophisticated instrumentation for measuring 
Mmerosol current, especially at higher frequencies, snouta 
be developed. Refinement of the method of measuring droplet 


diameters should also accompany recommendation (3) above. 











VI. APPENDIX 


fee theoretical Background 
im ineory of the General Synchronous Interac tien 


To aid in analysis the model would be simplified to 
an effective thin stream of charge as in Figure 8. 


Voltage traveling wave 
7 
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Figure &, 








THEORETICAL MODEL for GENERAL 
SYNCHRONOUS INTERACTION 


The space between the charge wave and the channel walls 
is analagous to the air gap in a rotating electromagnetic 
synchronous machine. Just as the leading or lagging phase 
relationship between rotor and stator determines the direction 
and magnitude of energy transfer in the rotating machine, the 
same phase relationship exists between the traveling electric 
fields in the alternating EFD generator. This is intuitively 
apparent from Figure 8 and the mathematical analysis presented 


in the Appendix in Reference 19. A similar analysis of the 
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theory will ve outlined here for the general case as 
illustration of the interaction mechanisn. 
The basic equations, in differential form, which must 


be satisfied within the channel are: 


Faraday's induction law Yx E=0 Gi 


Gauss' Law Ve EE = ie O (ieee) 


pmés® readily lead to the définition of a scalar potential 
which must satisfy LaPlaces equation between the channel 


walls. 


p = -E 7 (A.3) 
whereupon: 


io eG (A.4) 


It is further assumed that the system can be considered 
semi-infinite in the Z-axis direction and that spacial 
derivatives with respect to Z are equal to zero. For 
Paiplacity, the symmetry of the problem will bé used to 
Hustify solving the problem only in the upper half of the 
channel. The sinusoidal nature of the component waves will 


be observed by defining the charge and voltage waves as: 


jlot - kx); 
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Since the system is assumed synchronous, the relationship 


Ww 
Pes on (A.6) 


must be true. Solving LaPlace’s equation leads to 
~ A ~ | 
o(y) = A sinh ky + B cosh ky CAR» 
The boundary condition at the wall (y = d) requires that: 
“~ “A 
Y =A sinh kd + 2 cosh kd (A.8) 


The other boundary condition arises from applying Gauss’ integral 
ewe tO the upper half of the charge sheet at y = x = 0. 


Manat is: 


i é Eda Sf, dv Sf —2 da (A.9) 
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Figure 9. Gaussian’ Pillbox at charge sheet 


By symmetry with the other half of the channel, the only 
contribution to the closed surface integral is AE BC0) 


me Lirerefore: 
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It then follows that the other boundary condition requires 


Q> 





- fe) 
[0 CA ale 
ce yk 
and, from (A.8): x 
: Aw S65 sinh kd 
Ue - eo ke 
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Jn analyzing the forces on the charge sheeu, use will 
be made of the Maxwell stress tensor method as described in 
Appendix 1 in Reference 17. 


In this case the tensor at the charge sheet reduces to 


T 
Tyx Tyy tye 


(A.13) 
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where = represents force per unit area in the x-direction 
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eae surface normal to that direction, Tey a stress in the 
x-direction on a surface normal to the y-axis, etc. 
The model for the differential section of half of the 


emerge sheet 
Vx 


a 
Vkteee a 2 ee ee 
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shows that the a forests Sera and the resultant stress 
on half the charge sheet is Tay and the total stress in the 
x-direction on the charge sheet will be 2 Ty This is the 
traction in the v-direction, T,. 

The symmetry of the model will require cancellation of 
feeetorces along the y-axis. However, 1n th@eactual sysu-me 
where the “gies of the charge sheet 1S a Slgenificant iracuren 
Seeuoe channel width, these forces result in detrinental 


spreading of the charges toward the walls. 


In accordance with (A.3), 


= : = A ma 
-E = Re|ked< xx) -¢245)(2 sinh ky + B cosh i 


ras Fa ~- 
+ k(A cosh ky + B sinh ky) GA,)3 


Or 
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Evaluating y = 0, 


A Aw 2 
EB = + gkbed@t ~ kx) 
(A.15) 
E = = KAedwt ~ kx) 
i 
Now, the time average value of the traction becomes 
1/2 Rel2e BF" 
<v > = 172 Fel EQE,E, J (A.16) 
Appropriate substitutions yield 
tc A i Aw 
: V o. tanh kd 
; See eee Rel d@,( ——-— Ram S J 
2 cosh kd eke, 
(A.17) 
k AAK 
a Soo. 
2 cosh kd 
At this point it becomes possible to readily observe the 
effect of the phase relationship between the voltage and 
charge waves. 
Mewriting (A. 17) in polar forn: 
7 ko V . 1 
Se oe ee peted(t/a + 9, ~ %,); 
2 cosh kd (A.18) 


where om and oy are the phase angles of charge and 


voltage (aty t-kx=0), respectively. 
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A further change of notation, together with multiplying 
‘Se by Uae results in an expression for time~average power 


flow per unit area of charge sheet. 
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where 6 = >. - >, 


Taking the charge sheet as reference 


b= > 


It is now apparent that when the voltage leads the charge 
(6>0) by Ee, the force on the) charge*sheet is maximum in the 
direction of flow and the system acts as a pump. Similarly, 
when the voltage lags by 90°, the energy transfer is greatest 
in retarding the flow and the system becomes a generator with 
flow dynamic energy of the charge sheet being converted to 
electrical energy in the walls. | 

Figure 8 depicts the generating case. A more complete 
analysis of this case, the various modifications obtainable 
Boepecner with their further implications, and experimental 


meoules are to be found in Reference 19, a thesis in preparation 
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concurrently with this one, 


2. Mobility Considerations 
The foregoing analysis is dependent on the assump- 

tion that the charges are rigidly coupled to the moving 
sheet. Evaluation of this assumption is extremely pértinént 
mo a gas dynamic system since the coupling is not rigid, 
but is, infact, dependent on viscous slip forces which oppose 
ene @€lectrical retarding force, In this way the charged 
droplets interact with the gaseous medium to transfer energy 
either to or from the flow, as the case may be. | 

It can el. be seer that the amount of slippage required 
in order to produce the viscous force will be a loss in the 
met power available from the system, since from equation (A.19) 
power is proportional to the speed of flow of the charges. 

With the slip velocity defined as u, Mobility (K) has 
traditionally been defined as the ratio of slip velocity to 


electric field. 
u 
E . 


Another detrimental effect of high mobility, is rapid 
lateral drift of charged droplets toward the side walls. 
For a droplet in the exact center of the channel, lateral 
forces would counterbalance, but obviously this would be an 


unstable condition even if it ware physically. attainable. 





SO 


pance mobility cannot be reduced to zero in a fluid systen, 
meeweral drift can, at best, be minimized or compensated, 
but probably never eliminated. 

The mechanics of the interaction of ions and droplets 
in a fluid dynamic flow are well summarized in several of the 
references, particularly Reference 7 and Reference 15. 

The following is from a more detailed summary found in 
meréimence 15. 

Since mobility is largely dependent on particle size, 
the usual three regions of categorization are by droplet 


diameter, 


(1) Small droplets (a <.002 microns) 

These include ions and other particles whose 
motige 1S comparable to that of an air molecule. Here the 
coupling forces are predicted by molecular kinetic theory 
and both measured and theoretical mobilities decrease with 
increasing pressure. The relationship for mobility derived 


from Longevin s theory is 


K = 3/4 —$s95- (1+ muy’? eit) 
&(8nPp) 
where 6 = distance of closest approach 
m = ionic mass 
M= mass of gas molecule 
p = gas density 


P = £as pressure 
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While this equation predicts mobilities larger than those 
experimentally measured, the mobilities of ions are too large 


gm gaseous media for adequate EFD efficiency. 


(2) Intermediate droplets (.002 < a < .5 micron) 


Rer@ a compromise between kinetic theory and 
viscous coupling is usually considered. The equation listed 
miepoth References 7 and 15, and derived from the Stoke- 
Cunningham law, is 


q a 
K = —— (1 +—) (A 22) 
67a A 





where L = mean free path 
A = experimentally measured constant 


(on the order of .8) 


There have been correction factors added to the second tern 
for the larger values of L/A, but the equation as it stands 
is indicative of the tendency toward the Stokes law mobilities 


as droplet size increases. 


(3) Large droplets (a>.5 pm) 
For large droplets Stokes law leads to the simple 


“expression for mobility, 








K =: (4.23) 
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For given charge per droplet it is evident that mobility can 
be decreased by increasing the size of the droplets. As 
previously mentioned, however, in the case of the induction 
System presented here the charge per droplet is also size 
dependent, as is the moisture accumulation on the channel 


walls. 
me theoretical Limit on General EFD Process with Slip 


A simple model of a direct EFD conversion section 

is shown in Figure ll. Irregardless of the actual interactions 
Which may tale niace within the section, use of Maxwell 
stress tensor analysis vrovides a convenient method of 
discerning the maximum ee conversion which could be 
realized. | | 

Several simplifying assumptions will be made, both for the 
Semweroi 2iding analysis, and since they clearly provide a 


limiting case. 


(1) The electric field components in the x-axis 
direction are uniform across a constant area channel cross- 


section. 


(2) Energy changes in the fluid transport 
medium will be expressed as an equivalent pressure drop 


at constant flow velocity, Use 


(3) Flow frictional losses at walls and channel 





ends will be neglected, 


OOM EYE ELS LTO ny 
SE, p—>(U,-4) 4-E, 
> x ~e—— FE 


a Uj---> Ee, *? To 
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Figure ll. GENERAL d-c EFD CONVERSION 
SECTION MODEL 


Whether the channel is rectangular or cylindrical, stress 
components intezrated over the side walls will cancel. The 
electrical stress magnitude on the channel section will be 
pues dgiterence vetween those on the surfaces normal to the 


x-axis. 


& € 
2 2 
Z a x 2 1 2 Oo 


Bquilibrium for the section requires the électrical stress 
and flow pressure differential to balance. 
E 2 2 
eee (Ey oy lB) 
2 


= Pi = Pare (A.25) 


This expression will be maximum for E, = O, and Ey at 
field breakdown strength, Eye 


2 
OPmax ~ By : (A.26) 


wo 





eerie 


The fluid dynamic power per unit area delivered to the 


conversion section will De 


A Prax Yo = Ey YU, (A.26) 


while the electrical power density allowing for significant 


mobility of the charge carriers will be 
eee: 
Lip” Sh a 


where L. is the density of electrical power produced 
in the section and Uy is slip Velocity at 


the inlet 


EM@etrtuting equation (A.20) into (A.27) 


> 
2 
as rl 2 
L *, CU, KE (A.28) 


e > 


where K would be a measurable mobility according 


to the methods of the previous section. 


These results are obtained by eeoene in a way which 
demonstrates internal interaction of the system parameters, 
Bicevoe limiting case result is sufficient here to indicate 
the field strength limitation and effect of mobility in 


Gmperioration of efficiency. 


\ 
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B. Design of the a-c Charsed Droplet Source 
ie neoretical Aspects 
Corona discharge 


The most satis Packers method, to dates for generating 
charged particles in direct current EFD generators, has been 
Syeconcensation around, or direct convection of, ions formed 
from corona discharge at the entrance to the converter. The ° 
usual configuration provides an attractor electrode just 
downstream from a grounded needle (or needles). The field 
between attractor au needle must be less than breakdown (Ey) 
but sufficiently high to produce a space charge in the 
Vicinity of the corona needle which is picked up by the 
working medium and carried past the attractor. Since most, 
meenot all, of the ions are not allowed to migrate to the 
Bebractor, vhe energy required to produce this current must 
Peecupplied by the medium. Figure le is from Reference 14 
and shows the general arrangement of one type of corona 


configuration. 


ee Attractor 
gas flow -—> 


gp Ce ee rieeac 


a ' 


Figure 12. A CORONA DISCHARGE CONFIGURATION 
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Mequon derives a theoretical relation for the 
magnitude of the current produced in a corona device which 
he then modifies to agree with experimental data. He begins 
by assuming a cylindrical space charge around the needle of 
radius Ros and constant charge density Pe: The additional 
assumption is made that the transport velocity i is equal 
fememelf the flow velocity V. The current is thén approximated, 


I= 9, Vn RE (B.1) 


mid the fie2a ic the charge cloud C27 becomes 


gay 
E = Ek. (B.2) 
S Ce 
O 
This, together with the definition of mobility, equation 


fefgel), yields 


ES (B.3) 


Lawson obtained satisfactory agreement with experimentally 
obtained currents by including a factor of 30 percent. 


Even K 
jee (CA) a (B.4) 


Substitution of suitable values corresponding to ions with 


V = 302 m/sec, R, = 1.59 mm, at an operating pressure of 


a 
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19.4 atmospheres, yielded a value of I equal to 120 pa. 

in turning his attention to colloidal charge carriers, 
Lawson assumed slip to be negligible ce = V) and E was 
therefore allowed to approach breakdown, E,. Using the same 


conditions as before, and dividing the resulting expression 





or eS lloid by that for Ton? Lawson obtains the ratio, 
1601 
Tion 


where V is expressed in m/sec 


His experimental values were found to be in general 
agreement and colloid currents more than adequate for a 
generator contemplated under the Tred ations imposed by space 
charge effects within the channe1‘1?> 13), 

Some kind of modified corona method may eventually 
prove feasible for alternating polarity ion generation, but 
at the state of present technology, the nuch lower breakdown 
potential for positive ions seems to be a prohibitive 


re 
Maiestions)"), 


Induction method 

It was decided, for this investigation, to use capacitive 
coupling between an inducing electrode and sprayed water. 
droplets to inducé charge of opposite polarity on tne droplets 


as they break away. <A considerable amount of research has been. 
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eenducted in the study of electrical spraying of Conductane 
liquids (References 1, 5, 9, 10, 16) but this has also been 
with d-c fields and largely for application in thruster 
@@sign for space vehicles. Droplets formed dué to relectrical 
stress instability could be expected to produce a severely 
non-uniform charge distribution if the signal on the inducing 
eréctrodé were sinusoidal rather than constant potential. 
mince Lhe aim of this research was to produce a harmonic 


4 / ° ° ° e ° ° 
“clean” sinusoidal charge wave, the instabilities were 


free, 
avoided. 

meee limiting value of charge’ that a liquid droplet can 
Support is a well known expression derived by Roe oe 
It is the limiting surface charge density just short of 
Overcoming the surface tension holding the droplet in 
equilibriun. 

The expression for Rayleigh's limiting value of charge 


On @ spherical droplet is 


oad a VEY . (Bis) 


A similar limiting expression can be readily obtained for the 
Seo, 2 Groplet being formed under the combined str¢sses 

of electrical field and internal pressure to overcome surface 
tension. A simple model is shown in Figure 13 which uses 

the rather gross assumptions of hemispherical shape as the 


@roplet is released, and a uniform electrical field acting 





SE Ours 


mormal to the liquid surfac:., 





Figure 13. MODEL for NCDIFIED 
RAYLEIGH LIMIT 


Ee and the 





The electrical stress on the surface is 
equation of sauilibrium for the hemisphere just prior to 


separation is 





9 és 
ene = n(a')°P 4 yf © F°cos® 2na sind9(a' do) 
7 O 2 
VE = oE 
=t(a )([P + aes. J Cae 


If the liquid is considered to be a “perfect " conductor, 
Gauss law at the surface of the drop requires that electrical 
displacement (€0E) be equal to the surface charge density (oc). 


Equation (B.7) becomes, 


2 





Oo 
ey = ¥ [P = J 
CEO 
| (B.8) 
(q/2na® )* 
= a f{P & ronnie 





cee 
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After separation the dropl.t radius, a, is obtained by equating 


the hemispherical volume to that of the spheroid, whence 


(B.9) 


Substituting (B.9) into (B.8) and solving for the charge 


per droplet 


(B.10) 





It can be seen that for this model, if the pressure differen- 
Gial is neglected, the maximum charge per droplet tecomés 
approximately 70 percent of Rayleigh's limiting value. While 
this model could not be expected to accurately represent the 
complex situation of the aerosol spray, equation (B.10) will 
be used as a basis for comparison Since it would undoubtedly 


provide an upper noun aliear 


2. Aerosol Generator Design 
The two nozzle designs are similar enough that only 
the 20-nozzle unit will be described in entirety. The 
electrode configuration of the “fine droplet’ unit is shown 
ee aeure 16, 
Figure 14 is a schematic of the over-all conte 2uraGb Hom 
Gpeune charged aérosol génerator. The major"elenencts are 


the compressed air harness, the water siphon line and nozzle 





a ee 


eipply headers, and the two 5S—<nozz1® spray wnics. 
| The channel section formed by the generator unit is 3 
inches long and tapered in order to adapt the flow fan 
section to the main conversion channel, and to provide some 
Pomvergence of the air flow as it picks up the aerosol, 
The entrance cross-sectional dimensions are 6 inches by 
e~4/4 inches and the exit dimensions are 6 inches by 2-1/4 
inches to match those of the downstream conversion section, 

The general simplicity of the design is perhaps best 
illustrated by the fact that all parts except tubing were 
“constructed of plexiglass, with a drill press being the 
only power tool required. 

Figure 15 shows the detailed construction parameters 
of the 2O-nozzle aerosol unit. As previously observed, the 
peculiarities of the over-all system provided the majority 
of the design constraints. The only basic requirements of 
the aerosol generator itself are the positioning of a water 
Geeeeyine capillary tube in the center of the cylindrical, 
high velocity air jet, and the arrangement of the charge 
inducing electrode in close proximity to the mixing point. 

To produce a uniformly fine spray, the water must be 
meomoned to the nozzle by the concéntric air jet. In general, 
Poeeereater the siphon distance the finer the spray. The 
siphon height for ths charged aerosol generator also has a 


Small effect on the current output, since the flow rave is 
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Ee cum 14. SCHEMATIC oF 
OVER-ALL AEROSOL GENERATOR 





Inducer electrode 


Figure INS > 
CONFIGURATION of JO-NOZZLE 
INDUCER 


Figure 15. SCHEMATIC of 20-NOZZLE UNIT 
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greatest for small siphon distances. A siphon height of 
about 23 inches seemed to be the best compromise for this 
system. 

The size of the le feed channel in the nozzle assembly 
has to be large enough to ensure a reasonably uniform air 
pressure feeding all of the individual nozzles. This was 
especially true with the limited laboratory compressed air 


supply. 


4. Measuring Droplet Size 

In order to calculate the average cnarge per ‘droplet and 
charge-to-mass ratio for the traveling wave particles, it is 
necassary to know the average size of the aerosol droplets, 
Probably the simplest way to accomplish this, in theory, is 
to collect the droplets on a slide and photograph them under a 
Microscope. This is the method that was used in obtaining the 
data for this thesis report, 

When highly accurate results are required, the process 
Seco mecuing the droplets beccmes critical. Under such. 
conditions, the aerosol is usually allowed to fill a saturated 
container and a very siender collecting glass is passed 
Caréfully through the fog at an accurately controlled rate. 
If the collector presents an excessively large cross-section 
in the direction of motion the smaller droplets are swept 
asidé and only the larser ones penetrate the boundary layer 


emo or ike” toe slide. 





BOCs 


Another problem which must be faced, irregardless of the 
accuracy required, is the short lifetime of micron sized 
eeoplets in “ary” air. In order to prevent rapid evaporation 
jae slide is coated with castor oil which has been in contact 
with water long enough to have become saturated. 

In view of the fact that the aerosol is injected into a 
dry air stream when used in the present synchronous systen, 
the droplets were collected in the dry air environment on 
the coated slide and the results are considered more or less 
representative of the conditions as the aerosol enters the 
converter section. Since the droplets require only 1/20 sec. 
to traverse th> channel, it was assumed that further 
evaporation within the conversion section could be neglected. 
figure 17 shows a typical microscopic view of the collected 


GrepLess at about 330 X. 


G. Calculations 


fee beceurical Capacitance of Aerosol Generator 








The electrical circuit model of the apparatus used to 
measure the equivalent capacitance is shown in Figure 18, 
where V. was a variable frequency (10 = 1200 cps) sinusoidal 
voltage source. Vy and V5 were fed to a dual trace oscillo- 
Be Ope. 
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meure 15. CIRCUIT MODEL of INPUT Diet Ae ean. 


Frequency Response 


. ; i. : 
In order to construct a’ Bode diagram’ with its break- 
point within the availabie frequency range, A was set a 48 
megohms. In LaPlace transform notation, the admittance 


relation HVA 1e 


I Oma Cs 
Sr (Cas 
7 Ves eo Vi RCs + 1 
In terms of magnitude alone for s = jes, 
fi- hi oe (0.2) 
fey Soy =e ey C.2 
a” [TR Cae a 


taking the logarithm of both sides and multiplying by 10, 


2 
10 10256 val = Constant + 10 logig > Slog, [CRCw) + 1) 
(C.3) 
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The constant can be ignored in analyzing the data, 
while the remaining two terms should provide two asymptotic 
Beovons. At very low frequencies a plot of 10 logio | TI Vs. 
10 108}5 should approach a straight line of slope 10 
decilogs per decade of frequency. As RCO approaches 1 the 
curve should begin to “break”, and at higher frequencies 
approach a constant value. This can be seen from the limit 
of equation (C.2) as & goes to infinity. 

ihe phase plot of currént lead angle vs. 10 login ® 
provides an additional check on the preceding, because the 
break noint at RCW= 1 also means a 45 degree phase angle 
for the denominator term of equation (C.1). The results are 
plotted in Figure 6 and the data summary is contained in 


epeenaix D, 





Numerical Check 


Equation (C.2) was used to directly compute the value of 
capacitance (¢@) for several values of resistance (R) at a 
constant frequency (f) of 125 eps. 

Letting R' = (R + .5) meg-ohms, and rewriting equation 
2), 

a V5 Conf 


= —— eS” (Coz 
3 v,+10° [ce Cama + 13174 





eon 
then 


1, 59-108 


a eee ee ee 
—_ = 


Swans l, Fer ee 


ie (23) 
100}, V> 10° 


Substituting f = 125 cps and holding Vy constant at 
LOO volts 


(12.7)v5-107+* 
= ciety, Sis ce Z 6) 
(1.15)? - (— a 
100 10 
With R' = 10.2 x Noor the measured value of V5 was ~o2 Wolts, 
SCT 
2288. 10mm 
DWAR) 
or 
2 


C= 6.85010 sefarad 


Theoretical Model Capnacitance 


As an order of magnitude check on the measured capacitances, 
a crude model was calculated. The capacitance between an 
fervedual nozzle and its electrode was compared to a 


cylindrical capacitance of similar dimensions neglecting 





ma Kee 


fringing, as shown in Figure 19 below. 
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Figure 19. CYLINDRICAL CAPACITANCE MODEL 


Brom the fact tnat the field in cylindrical coordinatés is 
inversely proportional to radius and from application of 


boundary conditions at r = Ry and Roe it readily follows that, 


E (onl 


© 
tt 


———— CCl 
in(R./R, ) 


For both nozzle assemblies the ratio R/Ry is approximately 


Seeeounstituting numerical values into (C.7) 


(1/36n)-1077(£/m)+2n1(m) 
In 2 


é 


x (.8)107!“1(cem) faraa (C.8) 


where C’ is the capacitance of an individual nozzle 


For the 10-nozzle unit the order of magnitude of capacitance 


will be 


C x 8-107!"1(cn) farad (C,.9) 
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2. Calculation of Charges ver Droplet 


{ ed 
“Modified Rayleich's Limit 


As a further refinement of the base of comparison 
represented vy equation Gini): a minimum value of pressure (P) 
(after allowing for a siphon height of 2 feet) will be 
presumed. For an air inlet pressure to the 10-unit nozzle 
of 40 psi., siphon height in excess of 24 inches was observed 
to be at least 1/14 atmosphere, or 75.05 x 10? dyne/ Pa 
pressure. For simplicity of calculation in equation (B.10) 
more, Ore, tm cs will he used as veference pressure. 

pubstitvuting the appropriate constants into equation 


5.10) 


QO 
I 


rm 1/2 3 
Va -10, 10~- 


max (36n 


3 21 ive caer ae 
Lowe Oo LO coul 
S V2na 2/2 {73.05-10°¥? cout? \ V7 ° 1077 _ (65) 10nae 
m{nmecm} 


=(14.2)107929/* Vi : = 6308 


where a is droplet radius in centimeters 


i 
cia 


: we a7, _ ae : 
Expressing a in microns (10° cm), the expression becomes: 





BG hes 
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na 
= (14.2)107?? 2/2 V1 = 6525 


Gmnax 1x (Cas) 


Equation (C.11) represents the extreme upper limit from 
Appendix B (P= 0) by neglecting the negative term under the 
Seuare root, or could be adapted tO other pressures by 
multiplying that term by 13.9 P, where P is expressed in 


standard atmospheres, 


Peoplet Flow Rate 


The measured flow rates were in terms of ome atte While a 
can be converted to gallons/hour through the conversion 


mae uor 


Q(GPH) = Q(cm?/sec)+(.95) (en 


Calculation of Charge per Drovlet 


In analyzing “fog” droplet data, usual practice is to 
count droplets by size and use a straight numerical average 
as the mean droplet diameter. On that basis the data taken 


from Figure 17 results in an average value of 


135 +171 + 189 _ 355 un 
60 


For the purposes of calculating charceé’ peredzop ler. 
this is not necessarily the most meaningful type of average. 


imordaer to investigate a size dependent tieasure of (tas 





pas 


charge per droplet, the distribution will be calculated on 
the basis of average ‘large droplet”, “medium droplet”, and 
average "small droplet”. 
, o o ; 2 eo) 
The average large droplet diameter is = dy a= 2 22. ou ne 


the average medium diameter # d_ = ote = 11.4 pm, and the 


= 


- 262 : 
q. 30 a 5 pm. The total 


number of droplets per sec. for a given flow rate is 


average small droplet diameter 
eefined , 


Ne (6 4 15 + 39)x = (CoS) 


Using the flow rate for the 10-nozzle unit with air 


peescure of 40 psi,from Figure 4, 


12 
Q = 3 om?/sec ee (um)?/sec 
3 


Equation (C.13) yields 
Silo 


60(3)n(6(22.5)? + 15(11.4)? + 39(5)7) 


1.11-107 (60-droplet units/sec) 


eance’ they current per droplet will be rouehly proportional 
to surface area,the output current must be apportioned 


between the 3 droplet classes according to their respective 





ue 


mrectlon of total surfac®’aréa- 


Hit 


MS eialc Amen a= ae nx [6d9 F 154° - 3945) (C.14) 


Peaeoie casé in point, 


Large droplet fraction = f 


a 
6d, 


= aes GC aiey) 


if 
esos 


= 509 


The mediun droplet fraction is 


DO 
r fs = e727 
: B90) 


and the small droplet fraction becomes 


f. = ,164 


Heom Figure 4, the output current for a 400 volt input with 


mee 2O—nozzlé unit, is I. = 1.85 wa, peak value. 


0 


ey eee ee ES 


Large Drovlet Charges 


mae Giraction of output current carried oy large droplerc. 








2 ~6) 1 On = -6 coul 
Se = beO De dO 5 (2309) =O} 105 | ae 


The charge per droplet becomes 


Lae coul/sec 





= a 


qy = 
6 x droplets/sec 


(C226) 


1.41-1072" coul/droplet 


Seance the eiectronic unit of charge is e/= 1.602-1072%coul, 


the approximate number of electrons per “large” droplet is 


Nahe (electrons/drop! st) 





Medium Droplet Charge 


a ~5 
a = OOo 10 coul/sec 


a 


and equation (C.16) becomes 


Jom 


= 565 Om coul/droplet 
ES ee. 


te) 
i 


m 


and 


Jin 2 ER 1Oe electrons/droplet 


e€ 


Small Drovlet Charge 





eG aan 


~— ‘t -5 
Lae = .40+-10 coul/sec 
tos ai 
9, = TT = 7-03-10 coul/droplet 
Bo) Ms 


and 


q. peer electron/droplet 


“Modified Rayleigh Timit 
Using eanation (C.11), and neglecting the pressure tern: 


(1) Large droplets 


5S “15 3/2 
ol es Ue 2a The Gul 625) 


=. 5.372107)? coul/droplet 


= 5 FS0 ue” electrons/droplet 


(2) Medium droplets 


Z =19 B72 
dia = 1h. 2-10) 7a 


v2 


TO @mad coul/droplet 


121.100 


electrons/droplet 
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(4) Small drovlets 


= ~15 By 
max 2 rte2+10 (2.5) 


S62 Om Al coul/droplet 


3.5-107 electrons/droplet 


(4) Numerical “Average Droplets 


i a0 14.2-1072? (4,.13)3/2 


1.20107)? coul/droplet 


7.510? electrons/droplet 


a at 96 
Gueezesper Droplet for Numérical Average Droplets 


Droplet flow rate can be expressed: 


ke 


10 Q 


5 (CAL 


Q,(droplets/sec) 
4m a 


D 


Ls ips 
‘an (4.13)? 
3 


Aealgjose droplets/sec 


charge per drop becomes, 





- 77 = 


-5 


1,485.10 coul/sec 





ave * co a 
c pe 13 109 droplets/sec 


1.63-107!" coul/dropiet 
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10° electron/droplet 


Mobility 


Substituting numerical values into equation (4.25) 


2q (coul) ( iL 


d(pm) 6 -§ 


184.10 gm + 107'om - 107 Ke 
sec cm Lm em 


q (coul) 5.77-107 (C.1&) 
d (pn 


D. Summary of Data 





A Bi ee 


Single Commercial Nozzle 


Vs Air Flow : 
(Rms ) Press Siphon Height Rate O 
(psi) (GPH) (ua, P-P) 

100 49 oy 527 5 
150 52 o4 WS 019 
200 Sil. 24 28 eee 
250 50 24 s20 AS. 
400 50 o4 AES: AD 
200 75 o4 © 30 28 
200 70 24 e 34 SAS 
200 65 | 24 ae 2s 


200 60 at «30 02d 





eye 


TABI gees 


10-Unit Nozzle 


hay He 
V 3 * Flow Rate 
1 Press end I, (cem’/sec) 1s 
80 40 ‘72 
100 | 40 1.25 8 
150 40 eS ABS. 
200 4.0 25) 1.4 
250 40 Sle 
400 40 AS 
100 50 ae 2358 83 
LOO 45 BRAS) AoW 083 
100 40 is 0333 681 
100 55) ee oS) 0233 
100 40 9 20 069 
100 ZS o> 0143 
100 20 =e .o 
100 aes o +4 023 
100 55 o 81 
100 60 “(electrode radius reduced 079 


by about 1/3) 


TABLE 4. 


=e 


Input Impedance Frequency response for 1l10-nozzle unit 


(V, = 9.4 (P -P) Refer Figure 18) 


Freq ve Phase Angle 

(cps) (P -P) (V5 leading Vy) 
80 noe 64 
100 43 60 
150 260 60 
200 074 Di 
400 10 OA 
400 Ae) 46 
500 abs 42 
600 1.44 38 
700 bs 45 
800 V6 32 
900 ios 20 
1000 ae 23 
1100 P86 20 
1200 1.9 18 





90 = 


Te Skee 


2O-Nozzle Unit 


u EESSS Siphon Height O Flow rate 
(Rms) Gosia) (inches) (P -P) amp (cm /sec) 
70 40 23 soo 
100 40 24 65 
150 40 24 BAG: e906 
200 40 2% BiglOl 
aap 0) 20 a5 Doe. 

400 40 24 4.4 

70 29 a5 , 

100 a> 24 nA 

150 25 24 ZO, 0844 | 
200 25 2% As 

250 aNS 24 54 

400 ae 24 “+ “+ 

70 20 25 VES 

100 20 BS ge 

150 20 24 ZAG 

200 eo 24 2.4 642 
250 20 24 4.4 

400 20 2% 42° 

1818, 45 24 2a 

100 40 24 eS, 

100 45 24 LAE 

100 15 23 ae ell 


Maseohnotograph in Figure-17 is representative of 2 
number of microscope photographs taken of droplets collected 
on a 1/16 inch wide strip of plexiglass held for about 
1 second 10 inches from the 10-noz2zle unit with air pressure 
omer psi and 24 inches siphon height. 

Data taken from an average 1/8 section or Figure 17 
containing a total of 60 droplets is summarized, and segregated 


in Tadle 5. 
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